Bacterial anaerobic ammonium oxidation (anammox) is an important process in the marine 2 nitrogen cycle. Because ongoing eutrophication of coastal bays contributes significantly to the formation of low oxygen zones, monitoring the anammox bacterial community offers a unique 4 opportunity for assessment of anthropogenic perturbations in these environments. The current study used targeting of 16S rRNA and hzo genes to characterize composition and structure of the anammox 
INTRODUCTION
Anaerobic ammonium oxidation (anammox, NH 4 + + NO 2 -→ N 2 + 2H 2 O) was proposed as a 2 missing N transformation pathway decades ago. It was found 20 years later to be mediated by bacteria in artificial environments, such as anaerobic wastewater processing systems (32, and 4 references therein). Anammox in natural environments was found even more recently, mainly in O 2 -limited environments such as marine sediments (28, 51, 54, 67, 69) and hypoxic or anoxic waters 6 (10, 25, (39) (40) (41) (42) . Because anammox may remove as much as 30 to 70% of fixed N from the oceans (3, 9, 64), this process is potentially as important as denitrification for N loss and bioremediation (41, 42, 8 73). These findings have significantly changed our understanding of the budget of the marine and global N cycles as well as involved pathways and their evolution (24, 32, 35, 72) . Studies indicate 10 variable anammox contributions to local or regional N loss (41, 42, 73), probably due to distinct environmental conditions that may influence the composition, abundance and distribution of the 12 anammox bacteria. However, the interactions of anammox bacteria with their environment are still poorly understood. DNA probes or PCR primers targeting the anammox bacterial 16S rRNA genes has thus been the main approach for the detection of anammox bacteria and community analyses (58) . However, these 20 studies revealed unexpected target sequence diversity and the realization that due to biased coverage and specificity of most of the PCR primers (2, 8) , the in situ diversity of anammox bacteria was 22 likely missed. Thus, the use of additional marker genes for phylogenetic analysis was suggested in hopes to better capture the diversity of this environmentally important group of bacteria. By analogy 24 to molecular ecological studies of aerobic ammonia-oxizers, most recent studies have attempted to include anammox bacteria-specific functional genes. All anammox bacteria employ hydrazine which enables them to generate proton motive force for energy production (32, 36, 65) . Phylogenetic 2 analyses of Hzo protein sequences revealed three sequence clusters, of which the cladistic structure of cluster 1 is in agreement with the anammox bacterial 16S rRNA gene phylogeny (57) . The hzo 4 genes have emerged as an alternative phylogenetic and functional marker for characterization of anammox bacterial communities (43, 44, 57) , allowing the 16S rRNA gene-based investigation 6 methods to be corroborated and improved.
The contribution of anammox to the removal of fixed N is highly variable in estuarine and 8 coastal sediments (50) . For instance, anammox may be an important pathway for the removal of excess N (23), or nearly negligible (48, 54, 67, 68) . This difference may be attributable to a 10 difference in the structure and composition of anammox bacterial communities, in particular how the abundance of individual cohorts depends on particular environmental conditions. Anthropogenic 12 disturbance with variable source and intensity of eutrophication and pollution may further complicate the anammox bacteria-environment relationship.
14 Jiaozhou Bay is a large semi-enclosed water body of the temperate Yellow Sea in China.
Eutrophication has become its most serious environmental problem, along with red tides (harmful 16 algal blooms), species loss, and contamination with toxic chemicals and harmful microbes (14, 15, 21, 61, 71) . Due to different sources of pollution and varying levels of eutrophication across 18 Jiaozhou Bay (mariculture, municipal and industrial wastewater, crude oil shipyard, etc.), a wide spectrum of environmental conditions may contribute to a widely varying community structure of 20 anammox bacteria. This study used both 16S rRNA and hzo genes as targets to measure their abundance, diversity, spatial distribution and assess the response of the resident anammox bacterial 22 community to different environmental conditions. Environmental factors with potential for regulating the sediment anammox microbiota are discussed. 
MATERIALS AND METHODS
Site description, sample collection and environmental factor analyses 2 The physical condition of Jiaozhou Bay sediments and water column has been described previously in detail (12) (13) (14) . In summary, limited water exchange and numerous sources of nutrient 4 input from surrounding wastewater treatment plants (WWTPs), rivers, intertidal and neritic mariculture fields made parts of the Jiaozhou Bay hypernutrified (Fig. S1 ). Three WWTPs, Tuandao, also detailed the procedures of environmental analyses (Table S1 ). Replicate surface sediment subcore samples up to a depth of 5-cm with an approximate 20 cm distance from each other inside 18 the box core were taken (12) . Black anoxic sediments were found at deep layer in all the subcore samples, indicating a suitable environment for anammox in the sediments of our samples.
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DNA extraction and anammox bacterial 16S rRNA and hzo gene analyses DNA was extracted from sediment samples as reported previously (12, 19 nonspecific PCR products (6) . Data were analyzed with the second-derivative maximum method using the ABI PRISM 7500 SDS software (version 1.4, Applied Biosystems).
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Statistical analyses
Environmental classification was performed previously (13) via hierarchical clustering using bacterial hzo genes with environmental factors were performed also using MINITAB (18).
9
Nucleotide sequence accession numbers
The determined partial 16S rRNA gene sequences have been deposited in GenBank under 2 accession numbers FJ668672 to FJ668707 and GU433661 to GU433695; and the partial hzo gene sequences under accession numbers GU433696 to GU433880.
4
RESULTS
6
Jiaozhou Bay environmental conditions
Hypernutrification is one of the most notorious environmental problems of Jiaozhou Bay. This (Table S1 ). Based on multivariate clustering of physicochemical factors, a previous study (13) identified two types of environmental conditions in 12 Jiaozhou Bay: stations A5, C4 and Y1 of the Eastern area established type 1, and the remaining stations belonged to type 2 (Table S1 ). This classification was consistent with other studies (12-15, (Table S2) , which together with rarefaction analysis (Fig. S2a) indicated that 4 the Scalindua anammox bacteria were sufficiently represented in these clone libraries. Station D1
had the highest OTU diversity and station D5 had the lowest diversity, based on the majority of the 6 diversity indices (H, 1/D and J) and the S ACE and S Chao1 estimators (Table S2 ). indicating a negligible within-site variability of the sediment anammox bacterial community probed by using the hzo sequences. Thus, these two hzo libraries were pooled into a single A3 clone library. (Table S2) , which together with rarefaction analysis ( (Table S2 ).
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Phylogeny of Scalindua 16S rRNA gene sequences
The obtained 70 distinct Scalindua 16S rRNA gene sequences were 93.9%-99.9% identical with 24 one other, and 98.5%-100.0% identical to the closest sequence matches in GenBank. All (100.0%) of the top hit sequences in GenBank were originally retrieved from marine sediments or anoxic 11 seawater (22, 25, 49, 51, 59, 70, 74, 75) . Six of our sequences (11 clones) were also closely related to GenBank sequences originally retrieved from freshwater environments (51). 2 The phylogenetic tree based on the alignment of 16S rRNA gene sequences revealed that Jiaozhou Bay surface sediments harbored a diverse complement of anammox bacteria affiliated with 4 the Scalindua lineage (Fig. 1) . Our analysis identified four putative Scalindua clades including Scalindua wagneri (60) , Scalindua marina, Scalindua sorokinii/brodae clades (60) and a novel clade 6 of sequences of less than 98% identity with the sequences in other clades (Fig. 1) .
Two OTUs, A5-X-6 and A5-X-7, occurred in all 8 Scalindua 16S rRNA gene clone libraries 8 ( Fig. 1) . Two other OTUs, A3-X-1 and A5-X-1, occurred in 7 of the 8 Scalindua 16S rRNA gene clone libraries (Fig. 1 
Anammox bacterial community classification and spatial distribution
Weighted UniFrac environmental clustering analysis using the obtained 16S rRNA gene 18 sequences indicated that several clusters of Scalindua anammox bacterial assemblages could be identified (Fig. 3a) . The station D1 Scalindua assemblage appears to represent a distinct cluster, and 20 the remaining stations seem to represent another cluster with 3 subclusters. Weighted UniFrac PCoA analysis confirmed this classification (Fig. 4a) . The Scalindua assemblage of station D1 could be 22 separated from those of the other stations along the first PCoA principal coordinate (P1), which explained 80.8% of the total Scalindua anammox bacterial community variability among all the 24 sampling stations (Fig. 4a ). P1 and P2 (the second PCoA principal coordinate) together classified the Scalindua assemblages of the remaining 7 stations into 3 subclusters (Fig. 4a) .
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Weighted UniFrac environmental clustering analysis using the obtained Hzo protein sequences indicated the existence of several clusters of the total anammox bacterial assemblages (Fig. 3b) confirmed this classification (Fig. 4b) . The anammox bacterial assemblage of station D1 could be separated from those of the other stations along the first and second PCoA principal coordinates (P1 6 and P2), which together explained 65.02% of the total anammox bacterial community variability among all the sampling stations (Fig. 4b) . 8 For the weighted CCA analysis using the Scalindua 16S rRNA gene sequences (Fig. 5a ), the first two CCA axes (CCA1 and CCA2) explained 84.8% of the total variance in the anammox bacterial (Fig. 5a ). The environmental factor NO 2 --N also contributed to the anammox bacteria-environment relationship in Jiaozhou Bay though with a lesser significance (p = 0.0929).
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These two environmental factors together provided 61.47% of the total CCA explanatory power.
Although none of the other environmental factors shown in the CCA graph (Fig. 5a ) contributed 20 significantly (p > 0.200) to the anammox bacteria-environment relationship, the combination of these environmental factors provided additionally 33.94% of the total CCA explanatory power. 22 For the weighted CCA analysis using the Hzo protein sequences (Fig. 5b) , the first two CCA axes (CCA1 and CCA2) explained 52.4% of the total variance in the anammox bacterial composition 24 and 55.5% of the cumulative variance of the anammox bacteria-environment relationship. CCA1, which explained 32.0% of the cumulative variance of the anammox bacteria-environment 14 relationship, clearly distinguished the anammox bacterial assemblage of station D1 from those of the other stations (Fig. 5b) . CCA2, which explained 23.5% of the cumulative variance of the anammox 2 bacteria-environment relationship, distinguished the anammox bacterial assemblage of station B2 from those of the other stations (Fig. 5b) . Of all the environmental factors analyzed, OrgC/OrgN 4 contributed significantly (p = 0.0310) to the anammox bacteria-environment relationship, which distinguished the anammox bacterial assemblage of station D1 and that of station B2 from those of 6 the other stations (Fig. 5b) . The environmental factor, sediment median grain size, also contributed to the anammox bacteria-environment relationship in Jiaozhou Bay although with a lesser significance 
Quantification of sediment anammox bacterial assemblages
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Melting curve analyses of the total bacterial 16S rRNA, Scalindua 16S rRNA and anammox bacterial hzo genes confirmed that the fluorescent signals were obtained from specific PCR products 16 by our qPCR quantifications. Standard curves generated using plasmids containing cloned 16S rRNA or hzo gene fragments to relate threshold cycle (C t ) to gene copy number revealed linearity (R 2 >= 18 0.98) over 6 orders of magnitude of the standard plasmid DNA concentration (Table S3 ). The obtained high correlation coefficients and similar slopes indicated high primer hybridization and 20 extension efficiencies (Table S3) , making comparison of gene abundances reasonable (13, 18).
Absence or undetectable influence of sediment PCR-inhibitory substances was confirmed by 22 obtaining similar amplification efficiencies with ten-fold diluted environmental DNAs extracted from the sediments of station A5 (data not show). 24 The qPCR results showed a heterogeneous distribution of the sediment total bacterial 16S rRNA gene abundance among the sampling sites of Jiaozhou Bay, where station Y1 had the highest gene abundance (2.8 x 10 11 copies g -1 sediments) and station D1 had the lowest gene abundance (1.4 x 10 10 copies g -1 sediments) ( Table 1 ). The abundance of the sediment Scalindua 16S rRNA genes also 2 showed a distributional heterogeneity, where station C4 had the highest abundance (8.7 x 10 5 copies g -1 sediments) and station D1 had the lowest abundance (2.0 x 10 4 copies g -1 sediments) ( Table 1) . 4 The abundance of the sediment anammox bacterial hzo genes also showed a distributional heterogeneity, where station Dx had the highest abundance (5.9 x 10 6 copies g -1 sediments) and 6 station D1 had the lowest abundance (3.5 x 10 5 copies g -1 sediments) ( Table 1 ).
The ratio of sediment anammox bacteria hzo genes to Scalindua 16S rRNA genes ranged from 
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Pearson correlation analyses (Table S4) ). There is speculation that the detected low diversity may be an experimental 2 artifact due to low or biased PCR primer coverage and specificity (2, 8, 43) . In contrast, two more recent studies suggested that anammox bacteria from other lineages in addition to Scalindua can also 4 be detected in marine environments by using novel PCR strategies or complex PCR primer sets (2, 8) .
A systematic primer evaluation study indicates that most of the PCR primers targeting the 16S rRNA 6 genes do not cover all the known anammox bacterial lineages and that hzo might provide a better target to improve coverage (43) . The hzo gene-based approach indeed detected diverse anammox and Kuenenia guilds were also detected from the sediments of Jiaozhou Bay (Fig. 2) . Similarly, 16 non-Scalindua anammox bacteria were detected in coastal marine sediments of Japan; however, no anammox activities were detected (2) suggesting that the detected DNA might have originated from In addition to several novel sub-clusters in the Scalindua lineage ( Fig. 1) , our current study also identified a few novel clusters related to the rarely detected non-Scalindua lineages in marine 10 environments (Fig. 2) . One of these clusters, the anammox bacteria novel clade II, appears to be unique to the marine sediments of Jiaozhou Bay or it was not yet detected anywhere else. This 12 finding suggests that the diversity of environmental anammox bacteria may have been underestimated in previous studies.
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Anammox bacterial ecophysiology in response to changes in coastal marine environments
Quantification of the Scalindua 16S rRNA and anammox bacterial hzo genes indicates that the 16 hzo gene abundance was higher than the abundance of Scalindua anammox bacterial 16S rRNA genes (Table 1) . This is reasonable as: (i) the hzo gene primers have a broader coverage for the 18 anammox bacteria than the 16S rRNA gene primers that only target the Scalindua group; and (ii)
there may be multiple hzo gene copies but only one 16S rRNA gene copy in anammox bacteria, as 20 shown by the sequenced genome of Kuenenia stuttgartiensis (65). In light of these considerations, our data suggest that the Scalindua lineage bacteria may account for the majority of the sediment 22 anammox bacteria at some of the Jiaozhou Bay sampling sites (Table 1) .
Anammox activity requires the simultaneous presence of ammonium and nitrite, which may be 24 found at or near the aerobic-anaerobic interface of sediments (37). NO 2 --N is often limiting in eutrophic coastal sediments with excess NH 4 + -N and organic matter (48). Our environmental geochemical analyses indicate that NH 4 + -N is rarely limiting in the Jiaozhou Bay sediments (Table   S1 ) and that availability of NO 2 --N most likely is the limiting factor that controls the abundance and 2 activity of the in situ anammox bacteria (48, 55). Indeed, a strong positive correlation of the sediment anammox bacterial abundance as revealed by the Scalindua 16S rRNA gene abundance with 4 sediment porewater NO 2 --N is found (Table S4) . A previous study found a strong correlation between Scalindua abundance and anammox activity in the African coast Benguela upwelling system (40). 6 Thus, the anammox activity might be also controlled by sediment NO 
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Both the UniFrac environmental clustering and PCoA analyses revealed considerable heterogeneity of the sediment anammox bacterial assemblages in Jiaozhou Bay (Figs. 3 and 4) .
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Analyses of both target genes (16S rRNA and hzo) indicate that the anammox bacterial assemblage of station D1 is distinct from those of the other stations. CCA analyses indicate that the 22 environmental factor OrgC/OrgN might contribute significantly to the uniqueness of the anammox bacterial assemblage at station D1 (Fig. 5 ). An anti-clockwise eddy was found in the North of 24 Huangdao at station D1 (46) , which might make the in situ hydrological conditions more stagnant than the other nearby stations in Jiaozhou Bay. This may reduce material transport and water 19 exchange between station D1 with the Yellow Sea outside of Jiaozhou Bay. Station D1 also had the highest sediment OrgC/OrgN in Jiaozhou Bay (Table S1 ). High OrgC/OrgN is usually associated 2 with old or recalcitrant organic matter, and may serve as a signature of long organic matter detention or terrestrial input intensity (38) . The high OrgC/OrgN might also be caused by oil contamination 4 from the nearby crude oil refining plants on the Western coast of Jiaozhou Bay (Fig. S1) . Thus, the unique sediment anammox bacterial assemblage of station D1 (Figs. 3, 4 and 5) detected in the 6 current study might be a result of unique in situ hydrological, geochemical or pollution condition.
This is consistent with a previous study that also identified station D1 as unique in regards to its 8 nirS-encoding denitrifying bacterial assemblage in the sediments of Jiaozhou Bay (12) .
One of the sedimentological variables of significant impact on anammox bacterial community 10 structure, sediment median grain size (Fig. 5b) , may depend on in situ hydrological conditions such as currents, tides, waves, upwelling, lateral transport, water mixing, and the intensity and dynamics on November 12, 2017 by guest
